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IliTRODUCTION 
Heat transfer In a ceramic kiln, particularly in one of 
the periodic type, is a very inefficient process, and in an 
ordinary heat balance no effort is made to determine the per­
centages of heat transferred to the product by radiation, by 
convection, and by conduction. Indeed, it is popularly 
believed that only convection plays an important part in the 
heat transfer in a ceramic kiln but there are certain consid­
erations which indicate that this belief may be incorrect. 
When a system is fluid, regardless of the nature of the 
retaining v/alls past which the liquid or the gas is flowing, 
or which confine the fluid, a thin film of the fluid adheres 
to the v/alls. Through this film, heat is transferred by con­
duction only, and. since gases, in general, are poor conductors 
of heat, it is not surprising that the temperature drop 
through a film is often the controlling factor in the amount 
of heat transferred to or from fluids. 
The properties of the film which determine the resistance 
to heat flow through it are a function of many factors such as 
viscosity of the fluid, nature of the retaining walls, and 
velocity of the fluid flow, and each has itn separate effect 
upon the film and upon the heat transfer through i*t. For 
example, the h'.gher the velocity of the main body of the 
fluid, the thinner the film becomes, but the film is never 
entirely sv/ept away, even at very high fluid velocities. 
- It -
Such films exist in ceramic hilns. The investigations 
of Nusselt (1) have shovm that the coefficient of convection 
heat transfer is not markedly influenced by the temperature 
level of the system involved, and since the other factors 
affecting the character of the films are reasonably constant 
in a given kiln, it follows that the amount of heat trans­
ferred by convection in a kiln in unit time is relatively con­
stant. On the other hand, in the general case, the amount of 
heat transferred by radiation is markedly influenced by temp­
erature and in addition, the composition of the products of 
combustion is not without influence. Since 192lj. considerable 
work has been done on the radiation of infra-red energy from 
non-luminous gases with a view to determining the magnitude 
of this influence, but the data obtained in these investiga­
tions have been used, in general, for the design of pipe 
stills, steam boilers, and other types of furnaces, most of 
which may be classified as continuous furnaces. 
No attempts have been made to use this information in the 
design or the operation of periodic furnaces. This is not 
surprising, in viev; of the fact that the calculation of 
radiant heat transfer, even in continuous furnaces, is so com­
plicated that it is necessary to make certain "simplifying 
assxiinptions" in order to handle the equations v/hich the very 
nature of the subject produces. V.Tien an attempt to modify 
these equations in order to adapt them to the problems 
peculiar to periodic furnaces is made, the calculations become 
so complex that the rsnnber of a3nn]nnt5.ons ;vh.ich have to- be 
made to attain a numerical solvit ion of t]ie problem becomes 
so great that the accuracy of that answer becomes extremely 
doubtful. 
Nevertheless, an understanding of the mechanism of 
radiant heat transfer in a contlnuo\,is furnace may serve as 
a starting point for an improvement in the desi£;n and tiie 
operation of periodic kilns. Since our purpose is to shov/ 
that convection is not the sole means by which heat is 
transferred from, the products of combustion to the product 
being fired in a ceramic kiln, the method used to calculate 
radiant heat transfer will be simplified, and no attempt to 
assume "reasonable" values where data are lacking will be 
made. With,the present state of knowledge of heat transfer 
in a ceramic kiln, a presentation of only a qualitative 
picture is possible, but with the concept which that picture 
furnishes, a-kiln operator may be able to effect economies 
in firing by a better understanding of the method by which the 
heat in his fuel is ultimately transferred to his product. 
HISTORICAL 
Yintiile considerable information on the effects of 
certain constituents of a kiln atmosphere on tbe behavior 
of pyrometrlc cones and other ceramic bodies is available 
(2, work which considers both the chemical and 
the physical effects of furnace atmospheres rich in carbon 
dioxide and in water vapor has been done; in addition, the 
amount of available data on either the chemical or the physi 
cal effect of these two constituents of a kiln atmosphere 
is very small. 
Badger (5) stxidied the effects of atmospheres of oxy[;en 
nitrogen, hydrogen, v;ater vapor, and carbon dioxide on the 
vitrification of ceramic bodies. His results show that in a 
water vapor atmosphere there is a greater increase in the 
maturity of any body, as measured by porosity, than in any 
atmosphere at the same temperature. He explains his results 
on the basis of a eutectic between the v/ater vapor and the 
feldspar constituentf! of the body, v;hich eutectic is known t 
exist (6). lie gives no data, however, to indicate to what 
extent reduction in the fired specimen had occurred, other 
than to state that all samples were fired in air to 750° C., 
as a preliminary step, to insure oxidation. He prerients no 
evidence that the finished specimen v/as completely oxidized, 
and the work of Bole and Jackson (5) indicates that while 
carbon is burnt out completely in an oxygen atmosphere at 
—I— 
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14.60° C., all sulfates are not decoraposed until a temperature 
of 925"^ C, is reached. 
Ebrlght, Mclntyre, and Irwin (7) reached the conclusion 
that defective ware was produced when the water vapor concen­
tration in an enameling furnace exceeded 10 percent. Their 
data v/ere obtained over a long period of time on an industrial 
enameling fvirnace which, presum8.bly, was operated at constant 
temperature. 
It appears that the phenomena associated with radiant 
heat transfer from gases which have been known for some time 
by designers of heat treating furnaces and the like have been 
ignored by workers in the ceramic field. The latter appear to 
have been content to consider the transfer of heat from the 
products of combustion to the xvare a problem in convection. 
\''/h.ile it Is true that the problems associated witli the flow 
of hot gases in ceramic firing are important, it is also true 
that the pre.sence of water vapor and of carbon dioxide in the 
products of combustion in any kiln makes :'-t pertinent to con­
sider to what extent combustion practice may be improved by 
an application of those principles nov/ in use in other 
industries. 
In an industrial fiarnace, the percentage of the total 
heat transfex'red which the product receives through radiation 
varies vjith the temperature of the sysbem. At moderate temp­
eratures it is quite small, for here heat is transferred 
chiefly by conduction, and v/hen the system is fluid, the 
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phenomena associated v/ith convection appear. As the tennora-
ture level of the firrnace increases, however, the part played 
"by radiation 1)60011103 more and more Important. 
Investigation of the distribution of energy over the 
entire spectrum indicates that a large percentage of the 
emitted radiation falls within relatively narrow limits and 
further, that the maximum energy is emitted at that frequency 
which corresponds to the average frequency.of all the radia­
tion. The problem of the distribution of energy over the 
spectrum was first solved by Maxwell whose solution is the 
Maxwell Bistribiition Law (10), It can be expressed; 
E 
diJ = C^E^e dE, (1) 
in which dN is the number of radiators emitting energy be­
tween the limits of E and E t oE., E the energy emitted, 
e the base of Naperian logarithms, T the temperature in 
degrees absolute, and and K, constants. 
Radiation involves a loss of energy which must be sup­
plied to the radiators if radiation is not to cease, and in a 
furnace this energy is supplied to the radiators by the corabus 
tion of the fuel. The radiation emanating from a point is ab­
sorbed in part by the medium through which it passes, and the 
extent of this absorption varies witii the nature of the medium 
Most solids are relatively opaque to radiation, except in very 
thin layers, while ^ases are diathermanous. The radiation rron 
a solid aris:es from a very thin siirface layer of the solid 
while the radiation from a gas arises from all points v/ithin 
the mass of gas. Fundamentally, the tv/o types of radiation 
are only limiting cases of the more general radiation problem, 
but it is simpler to consider the problem of radiation between 
solids first and then to modify the equations developed to 
take care of the differences betv>reen tlie tviro cases. 
All of the theory of radiation is based upon the concept 
of a "black body" which is, by definition, one which absorbs 
all radiation incident upon it and v/hich reflects none (11). 
Such a body also radiates a greater amount of energy at an^ '" 
temperature than any other body and the radiation so emitted 
is designated as "black radiation". This special use of the 
word "black" has no reference to the visible color of the sub­
stance concerned; there are, of course, no perfectly black 
bodies in Nature. The definition merely provides a conven­
ient and useful standard by which the radiation from all other 
bodies may be compared; experimentally, black body conditions 
are approximated by constructing a hollow enclosure, the 
interior of which is viewed throtigh a pinhole aperture (12). 
The principles embodied in the concept of black body 
radiation are summarized in Kirchoff's Law which states: 
"In an enclosure surrounded on all sides by reflecting 
walls, externally protected from exchanging heat with its siar-
roundlngs, and evacuated, the condition of black radiation is 
automatically set up if all of the emitting and absorbing 
bodies in the enclosure are at the same temperature." 
- / o -
Thls law may be expreased mathematically;(11) 
c 
E z IzT. (2) 
in which E is the energy associated v/ith the wave length A- , 
k is a constantJ and c is the velocity of light. From it 
certain deductions are mathematically possible, the most 
important of v;hich is that the ratio of the emissive power 
to the absorbing pov;er is the same for all bodies and is a 
constant, being independent of the nature of the body and 
equal to the intensity of radiation for a black body under 
the same conditions (11). This condition ma;: be e^cpressed: 
in which e is the emissive power of a body for radiation of 
frequency <> , a is the absorbing power of the body for the 
same frequency, and k is a constant. 
As a consequence of this relation, it is possible to 
determine the emissive power of a. substance from a study of 
its absorption characteristics; the relation is of importance 
in a study of the radiation from gases because it is extremely 
difficult to determine accurately the emission characteristics 
of gases by direct measurement. 
The total emissive power of a surface is, by definition, 
equal to the total radiant ener^iy emitted in all directions 
from that surface per unit of time and per unit of area. 
The intensity of radiation from a surface is the radiant 
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energy emitted in unit tin^e per unit of solid angle whose 
ape::;; lies oh the radiatin£: surface, per unit of projected 
area, the projection being taken normal to the direction of 
the radiant beam. In Pig. 1, dA is a small element of the 
radiating siirface, d«i is the solid angle which makes an 
angle Q v;ith the normal to dA, and dq is the amount of heat 
radiated from dA in unit time. Then; 
dq s i dA dti» cosQ ([(.) 
The absorptivity of a surface is that fraction of the 
radiant, energy incident upon it v/hich is absorbed, the 
reflectivity, that fraction which is reflected, and the 
transmissivity, that fraction v;hich is transmitted by radia­
tion. The sum of these fractions is unity; in addition, for 
most solids the transmissivity is negligible, and the sum of 
the other two is taken as unity (IJ). 
In 1879on purely empirical grounds, Stefan (1I4.) an­
nounced a relation between the total amount of eiaergy radiated 
and the absolute temperature of the radiator v;hich Boltsmann 
(15) five years later deduced from theoretical considerations. 
This relation, the Stefan-Boltzmann Lav/, is the basis of all 
radiation calculations; it states that the total amount of 
radiation emitted by any substance is proportional to the 
fourth power of the absolute temperature of the body. It may 
be expressed: 
-  I X '  
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Fig. 1. Intensity of Radiation 
from a Surface. 
• -
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E =  pT^^, ( 5 )  
in which E Is the energy, T the absolute temperature, and 
p, a constant. In English units, the value of p la 0.172^ '^'^  
B.t,u. per sq.ft. per hour. TiVhen two surfaces are radiating 
to each other, the net result is the difference between the 
amounts of energy radiated by each, or 
E = p (t!J' - I'p, (6) 
in "Which T.^  is the temperature of the hotter surface, T that 
of the cooler surface, both in degrees absolute, and E and p, 
the meanings given in Equation 5* 
The use of the Stefan-Boltzmann equation as given in 
Equation 6 involves the assumption that bot}i radiating surfaces 
are black bodies. It further assum.e3 that each surface re­
ceives all of the radiation emitted by the other. neither con­
dition is completely satisfied in any furnace, and it is there­
fore necessary to correct Equation 6 for the departure of the 
surfaces considered from black bodies and for the amount of 
energy radiated from each surface which does not reach the 
other when that equation is used to calculate heat transfer 
in an Industrial furnace. 
There are no data on emissivities which have been obtained 
in ceramic kilns, but data on the em.issivities of similar sur­
faces obtained in other fxarnaces can probably be used v/ithout 
serious error. There is some lack of agreement in the 
literature on emissivlty coefficients, due probably to the fact 
that it is impossible to exactly reproduce aurfaces and to the 
fact that emissivity varies somewhat Virlth temperature (I5) . 
It seems likely that the use of a value of O.9 will not intro­
duce a greater error than that inherent in the other data. 
The other factor for which a correction must be made, the 
shape of the surfaces and their positions relative to each 
other, is more coraTDlicated, involving as it does the angle 
which the radiant beam makes v/ith the radiating surface, and 
it is here that the various authors differ in their treatments 
of the-subject (16, I7)• The solutions offered by these 
authors are hardly pertinent to the heat transfer problem in 
ceramic kilns, however, and the evaluation of this factor must 
wait for more complete data. 
The original equation then becomes: 
q = p A (T^ - T^'h P P , (7) 
1 2 3. e 
in which F„ and P'' are the factors for shape and emissivity, a e ' ' 
discussed above, and the other terms have the meanings 
previously given. 
The equation developed for the radiation betv/een two 
finite surfaces implicitly assumes that the surfaces are 
separated by a vacuum or at least by a non-absorbing medium. 
Such a condition is never realised in a kiln in which the 
products of combustion are in contact with the ultimate 
stirfaces to be heated. 
YJlien the radiation froti). a black body is e::periinental]-y, 
analyzed and the intensity of the radiation at each viave length 
plotted against that wave length, a smooth curve possessing one 
maximum point is obtained. Such a curve is shown in Fig. 2. 
At temperatures which are met in industrial furnaces, this 
maximum occurs in the infra-red portion of the spectrum. V/hen 
radiation from the same body is passed throrigh certain gases, 
carbon dioxide and water vapor for example, before the intensi­
ty of that radiation is measured, the resulting curve of in­
tensity and v/ave length differs from that first obtained. It 
,1s found that the gas has absorbed almost all of the radiation 
within certain v/ell defined limits (absorption bands), A 
greater resolution of the spectrum dir,closes tlxat these bands 
are in reality composed of a large number of separate lines, 
each of which differs from the others. These lines have their 
origin in the ultimate structure of the molecules and constit-
uexit atoms of the absorbing substance; this greater resolution 
and the results so secured have only a slight influence on 
radiant heat transfer, however. 
The phenomena associated with the absorption of radiation 
by gases have been known to physicists sunce the early work of 
Paschen (l8). Angstrom (19), and others, but it v/as not until 
192i{. that Schack (17)# in a paper vAilci) marks the beginning of 
the work on radiant heat transfer from rases in industrial 
furnaces, pointed out that the infra-red radiation of furnace 
gases rich in carbon dioxide and in water vapor might be 
t ' ' 
ten3ity of rud.i^ jtion 
I ut /330"t.' trr ^ 7 H^ icn 
C r.!r?j5 or cOf 
% 
Fig. e. 
a s /O /Z /4 /<i 
\A/ai^ e /er7^ t/7, X, m/cronj , 
Intensity of Radlatloa at 1630^ F. fox; a 
Black Body. . 
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responslble for the high values of surface coaductancen net 
v/ith in the fire-tubes of a steam boiler, values far in excess 
of those predicted by ITusselt (1). 
That these data existed for so many years before they were 
applied to industrial heat transfer is not surprising in viev/ 
of the fact that the investigators who compiled them v/ere int­
erested only in the correlation of the positions of the lines 
with the ultimate structure of matter. nevertheless, one of 
the consequences of this oversight is that a large nmnber of 
the convection heat transfer coefficients found in the litera­
ture are in error (15)« 
Only tv/o gases are present in sufficient quantities in an 
industrial furnace to affect api^rcci* ably radiant heat transfer: 
carbon dioxide and water vapor, VHille sulf^ir dioxide, carbon 
monoxide, and others also possess absorption bands in the infra­
red, the amounts of these constituents are so sriiall as to exert 
a negligible physical effect on the prod.uct. Their chemical 
effects may not be small, but a consideration of these is out­
side the scope of this investigation; moreover, their effects 
have been carefully stiidied by Jackson (J4) . 
Ylhile the actual calculation of radiant heat transfer from 
gases in industrial fixrnaces involves a considerable number of 
assum.ptions, some of v/hich may not be fully justifiable, the 
basic theory on v/hich the calculations depend is relatively 
simple. Consider a hollov/ evacxmted space in thermal equili­
brium. An element of the surface dA rad.iates a definite amount 
of energy E t the nurrotxiKlines and rGcolves from the reiiia'nder 
of the surface exactly the same araount of energy. The amount 
of this energy may be calculated by means of the Gtefan-
Boltzmann equation. Now let the space be filled with an ab­
sorbing gas at the same temperature as that of the space. The 
surface element dil continues to radiate the same amount of 
energy E as it did before since the amount of energy trans­
mitted by radiation is a fiinction of temperature alone, but 
it receives from, the remainder of the surface a smaller amount 
of energy E - in which is the energy absorbed by the 
gas. Since the system is in thermal equilibrium, the gas 
Itself must radiate an amount of eiiergy to the element dA, 
exactly equal to the energy absorbed by the gas from the 
rem.ainder of the surface. 
This conclusion is a variation of Kirchoff's Lav/ and makes 
It possible to calculate the magnitude of the energy emitted 
b^T" a gas from data on its absorption bands. Until recently, 
the only available data of this sort had been obtained at room 
temperature; the use of such data involved the assumption that 
the character of absorption did not change with temperature. 
Recently, however, Ilottel and Mangelsdorf (20) have measured 
the absorption of water vapor and of carl)on dioxide at tempera­
tures ordinarily encountered in industrial fiirnaces, and while 
their data are not absolutely complete, the errors involved in 
extrapolating their data are not large. The relations among 
temperature, energy radiated, and the amount of gas present are 
- /f-
Shov/n in Fi{j;s. 5 to 5 inc. 1 •'..tsive, nnd n.re reprorliiced fr'.Mii t}i.e 
data of llobtel and Hancjelsdorf. 
These data alone ai'e not niifficient to permit an evalua­
tion of radiant heat transfer in an industrial furnace, because 
the amount of energy radiated by a {^an depends upon the amoTant 
of the gas present as well as upon its temperattire. The worV: 
of Paschen (I8) indicates that for v;ater vapor and for carbon 
dioxide the extent of absorption varjes linearly with the thick­
ness of the gas layer until a tliickness of approximately ij-O feet 
is reached, v/hen the absorbing gas is at atmospheric pressure. 
Diminution of the partial pressure of the absorbing gag is 
equivalent to reducing the thiclcness of tlie gas layer. The 
amount of gas pi'esent, then, is a function of trie product of 
tv/o variables, the partial pressure P and the thickness L. 
Each of the curves in Figs. 5 to 5 inclusive represents the 
relation between the amount of energy emitted and the tempera­
ture of th^ gas for a definite value of the PI/ product. 
The evaltxation of the gas .temperatiare presentv'^ some diffi­
culties. For certain types of furnaces it is possible to use 
"average" values, but the choice of the correct "average temp­
erature" to use depends upon experimental data obtained in a 
sim'ilar furnace. In a ceramic kiln, where so little is knov/n 
about temperatux''e distribution, the choice of an avei'age 
temperature is little more than a guess. 
The same difficulties arise when t]ie calculation of a PL 
value is undertaken. It is of course a simple matter to 
-  2 0  -
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Fig- 5, Correction for buperimposed Radiation from 
Infra-Red Bands of HgO and COg. 
determine the partial prenrjure of any confjtituent from the 
analysis of the f^iel, the rate of consumption of that fuel, 
and the percentage of excess air, but an evaluation of the ef­
fective thickness of the gas is again little more than a guess 
Nevertheless, a rough estimate of the amount of heat 
transferred by radiation may be of some value. In Pigs. 5 and 
J4., for any PL value the ordinate v/hich corresponds to the gas 
tem_peratui-'e represents the radiation from the gas to a unit 
surface on Its boundary, and the ordinate corresponding to the 
surface temperature represents that part of the energy emitted 
by a black body v^hich is absorbed by the gas. 
If the absorption bands of the two gases did not coincide 
in part, the total heat transferred by radiation v/ould be the 
sum of the net heat transfer from each of the two gases. Hov;-
ever, since the energy emitted in certain portions of the 
spectrum is absorbed by both gases and since each gas is some­
what opaque to radiation from the other, it is nccessary to 
apply a correction factor when both gases arc present togetlver 
Th.e magnitude of this correction factor is given in Pig. 5. 
Let the radiation from carbon dioxide to the surface be 
designated by Cg, that from water vapor by V/^, and the correc­
tion factor by Kg. Further, let the radiation from a black 
body which is absorbed by the carbon dioxide be designated by 
Cg, that which is absorbed by the xvater vapor by V/^, and the 
correction factor by Kg. Then the amount of heat transferred 
by radiation from the gas to the v;are per unit area is given 
— X M -
by the equation: 
q B p (Cg+ Wg - K^) - (C3+ Wg - Kg) (8) 
Let us assume that the distance between tv/o surfaces re­
ceiving radiation is 3 inches, apnroxiinatelTjr the inside v/idth 
of a hollow tile. For infinite parallel planes, the effective 
thickness is 1.8 times the actual thiclcness (I3) . Since the 
planes obtained when hollow tiles are stacked in a kiln are 
finite in extent, let us assume that the effective thickness 
is 1.5 times the actual thickness, or [{..5 ir\ches. 
Let-us further assume that the fuel consujnption is such 
that the products of combustion contain 10 percent CO2 from the 
carbon in the ftiel and 5 percent H2O from, the hydrogen in the 
fuel at an average temperature of 1800® F., while the ware 
temperature is 1650° F. These -values are obtained from data 
on an industrial kiln (9)« 
From Fig. 'the radiation from carbon dioxide at a PL 
value of 0.0575 (if-.5/12 X 0.10) and a temperature of iGOO'^ F. 
is 2000 B.t.u. per sq.ft. per hour. From Fig. [[., the radiation 
from water vapor at a PL vali,ie of O.OI88 {).],.5/12 x 0.05) and a 
temperatxire of I8OO" F. is 1000 B.t.u. per sq.ft. per hour. 
From Fig. '^^'3 value of the correction factor is 225 B.t.u. 
per sq.ft. per hotir. 
At 1650° F., the value of Cg (Fig..3) is I65O Jj.t.u. per 
-sq.ft. per hour, the val\ie of V/g (Fig. l-l-) is 350 B.t.u. per sq. 
ft. per hour, and the value of Kg (Fig. 5) is 200 B.t.u. per 
2. 3^ 
sq. ft. 15G1'' hour. 
The emissj-vity of the surfaces may Scafely be taken ao O.9, 
which is an average figure for bride sui''faces . The net heat 
transfer for a unit area then is; 
q « (0,9) (2000+ 1000 - 225) - (1650 + 550 - 200) = 
077*5 B.t.u. per sq.ft. per hour. 
In order to determine to what extent the typo of setting 
enix)loyed influences radiant heat transfer, let us assume that 
this kili:i, with the same average gas temperature and average 
surface,temperature, is set with brick in such a way that the 
actual distance between paral.lel faces of the bride is 0.75 
inches. 
In this case the PL product for carbon dioxide is: 
PL^ = (0.75/i2)(1.5)(0.10) R 0.009575 
and for water vapor; 
PLv; = (0.75/12) (1.5) (0.05) = 0.00[i.7 
From Figs. to ^  the following values may be obtained; 
Cg s 1100 Wg s 1I4.O Kg is negligible 
Gg = 900 V/g «= 100 Kg is negligible 
All values are in B.t.u. per sq.ft. per hour. 3ul:)stitution of 
these values in Equation 8 gives: 
- -
q = (0.9) (1100 + ll!.0) - (900 + 100) = 216 per 
sq .f t. per hoi^r. 
It is apparent that the amount of heat transferred by 
radiation is markedly influenced by the setting employed. In 
connection with these resu.lts, it must be emphasiz.ed that the 
values of 877*5 2l6 B.t .u. obtained in these tv/o cases arc 
average values of the radiant heat transfer. It is not to be 
implied that a greater amount of heat is not transferred at the 
top of the kiln v/here the gases are hotter than at the bottom. 
This is undoubtedly true, but a calculation of the amoimt of 
heat transferred by radiation in a specific iiart of the Iciln 
requires more data on temr)erature distribi,ition in the kiln than 
we possess. These calculations v/ere made to show that heat is 
transferred by radiation from the products of combustion in a 
commercial kiln and to point out that modification of a kiln 
atmosphere by the introduction of these radiating gases may 
result in greater heat transfer to the product, with appreciable 
f 1 ©COnomi e s . 
As has been previously pointed out, the problems of h.eat 
transfer in a ceramic kiln differ froin those of other types of 
furnaces in that the possibility of chemical reaction between 
the products of combustI011 and the product cannot be ignored. 
It is the purpose of this investigation to determine if it is 
possible to obtain a greater heat transfer to ceramic products 
- -
- ;2.7-
through the inedfAm of radiation frovn theso tv;o , v/ator 
vapor and carbon dioxide, v/ithoTit inltiry to the product 
itself. 
Five typical Iowa shales were used in this investigation; 
the Ir chemical analyses in percentages were as follows ; 
; Adel Clay 
;Prodxicts Go 1 Goodv/in 
;  I. io.son : 
: City ; Sheffield ' 
; Sio\xx : 
: City : 
Si02 
AI2OJ 
CaO + 
MgO 
lla20 
BaO 
65.8 
17.6 
k'7 
2.9 
1.5 
61.0 
17.7 
6.3 
2.5 
1.7 
1.3 
55.2 
IG.8 
5.6 
i|..8 
h-.O 
1.9 
5I-I..I 
15.5 
h-'3 
6,6 
5.5 
2.0 
73.0 
15.6 
h.2 
3.1 
tr. 
0.7 
K2O 0.5 2.0 1.7 2.1 0.2 
Loss on 
ignition 7.0 8.0 10.1 12.2 5.8 
09.8 100.5 100.1 99-9 100.6 
The Sioux City material vms a mixture of loess and shale 
which could not he burnt to a dense structure. The I.Iason City 
and Sheffield shales, it vrill be noticed, were high in lime 
content. The barium oxide present probabl;^ came from, the 
barium carbonate added at the plant to prevent scumjning. 
In order to fire v/ith oil, which was the most convenient 
fuel available in this laboratory, and still to be able to 
control the furnace atmosphere, a special furnace was built. 
This is shown diagrammatically In 6. The mTAffle was a 
rectangular prism (1| in. b3'- 6 in.) of silicon carbide, closed 
at both ends with refractory plates. The furnace v;as lined 
v/ith high-temperature, light-weight, insulating refractory 
for rapid heating; heat v/as supplied by two lio. I4. Smokeless 
—nnriMf 
Wi," III II i\ 
P^i 'iii'ib 
il I l| I 11! 
! II I III ,! 11J I I II i-k 
03-1 Burner Co. oil burnerr; tan,'j;;enfcially i^laced so that the 
flame encircled the nruff le . 
The ceases in which the no.mples were fired wore introduced 
Into the muffle throu£jh the alunduri tube3, as vShown.; theoe, in 
turn, Y/ere ce.mented to iron pipes v;hich. wore connected to t}i.G 
sources of supply of the gases. Gases wore introduced at 
slightly greater thati atmo3phei''ic pressure in order tliat any 
leakage might take place from the interior of the muffle, out­
wards, thereby protecting the samples being fired from contact 
with the products of combustion. After leaving the alundum 
tubes,'the gas streams were broken up and diffused throughout 
the muffle by the refractory baffles placed in the muffle as 
shown in the sketch of the ftxriiace. 
A simdlar system of alundum tubes and iron iiipes per­
mitted the gases escaping from the muffle to be analyzed. 
Theriiiocouples were placed near the samples on all four sides. 
Sampled for firing were cut froiii dry, but unfired, hollow 
tiles secured from the five clay products plants, weighed, 
measured, and set on edge in the muffle of the small fxxrnnce 
used in this investigation and brought to predetermined tempera 
tures as rapidly as possible. The appror.imate firing schedule 
is shown in Fig- 7* Samples wore hold at the predetermined 
temperatures for ^0 minutes. If the tcmTierature varied more 
than ttoee degrees Centigrade during this period, the run was 
discarded. Duplicate firings v/ere iiiade in almost all cases 
31-
:000 
I 
1 
I 
I 400 
1 
I  
lOO 
! 
I 
I  to /J? eo JO 40 45 30 55 (^ O , 
f /ap^ ecJ t.'me , m/nute."} 
Fig. 7. Firing Schedule. 
,tV 
Temperature measureincnts were made v/ltli a pi'ecision 
potentiometer and chromel-alumel thermocouples v/hoso cold 
junctions were maintained at 0^ C. by means of an ice batli. 
Firings were made in three atm.osphereo; air, carbon 
dioxide, and water vapor. Carbon dlo:cide was introduced into 
the mviffle when the temperature. of the samples had readied 
75)1° c., and water, v;hen their temperature had reached 9OO® G. 
The selection of these temperatures requires some explanation. 
As has been previously pointed out, the amount of heat trans­
ferred by radiation at any temperatijire from these two gases to 
a surffice is a function of th.e partial pressure of the and 
its effective thickness. The tv/o teinperatxires selected ai^e 
those for whic]i the amount of heat transferred for eacli £;as is 
approximately 1000 B.t.u. x^er sq.ft. per hour for the furnace 
used. There is no reason that som.e other temperatures could 
not have been used; in fact, there is no evidence to indicate 
that these are the optim.vim temperatures at vi^iich to introduce 
these gases. 
The porosity of each fired sample was determined by means 
of a Y'lashburn-Bv^nting porosimeter (21) and a mercury volumeter. 
In addition, the percentage of ferrous iron in each sample vms 
determined by chemical analysis and calculated as PeO. Tlio re­
sults of these determinations are given in Tables 1 to 5# in­
clusive, and summarized graphically in Figs. 8 to ll|, inclusive. 
All samples fired in a carbon dioxide at'mosj:)here v/ere an­
alyzed for GO2 hy the standard method (22). Considerable 
Table 1 
Adel Clay Products Co. j, Redf:leld, lov;a 
_ _ :Teinper-:.. 
Sample, ^ ture, 
No. . OQ . . pliei"© 
Bulk ; Volume • , 
Volume: of Pores • 
nil. : ml. Percent 
Percent Percent 
GOp 
20 
22 
21 
19 
II 
l6 
17 
Ik 
lb 
10 
2 
7 q 
6 
811.2 
892 
982 
1017 
1075 
1125 
902 
98J4. 
1035 
1069 
1110 
912 
975 
1000 
1038 
10d6 
Air 
n 
II 
It 
It 
II 
COn It"^ 
II 
II 
II 
H^O 
Tf 
rr 
ff 
7.13 
5.16 
7.21 
7.13 
5.75 
7.71 
9.95 
9.85 
9.36 
8.57 
8.58 
10.17 
9.11 
9.85 
7.35 
10.11,2 
2Jr5 
1.85 
2.55 
2.k5 
1.72 
1.76 
3 
2:5c 
2.13 
1 J4,3 
2.81 
2.85 
1.83 
2.20 
37 
35 
3r, 
3 
29 
22 
35 
35 
29 
16 
3h 
30 
28 
2k 
21 
0 
8 
]i 
2 
n 
o 
0.00 
0.00 
o .s6  
O.S)!, 
0 .92  
1.hi 
2.1|0 
0 . 5 7  
0 . 7 6  
O . Q 6  
1 .50  
2. ll I. 
0.95 
0.09 
0.98 
O.QO 
~ -
—  3 H -
Table 2 
Goodwin Tile and Brick Co., Des Moines, Iowa 
Sample ""' Atmo : Bulk : Volurno ; ature , ; Voltinie ; of Pore; 
. or; Pl^ere. _ 
20 
22 
21 
19 
% 
l6 
13 
l8 
10 
!^. 
7 
5 
PoroG ity 
Percent 
8I1.2 
852 
1017 
1075 
1125 
902 
9% 
103!) 
1069 
1110 
912 
975 
10-00 
1023 
1050 
1066 
Air 
II 
II 
11 
It 
II 
COp 11 
II 
II 
II 
HpO TT 
II 
II 
II 
II 
S.02 
4.27 
5.12 
5.18 
5.8k 
6.5^ 
7.82 
.82 
3.12 
.22 
.57 
7.57 
6.70 
7.75 
k'50 
7-52 
7.51 
2.29 
1.95 
2.20 
2.16 
2.2I1. 
2.27 
3*53 
3.19 
2.06 
1. 
1 :E 
3»")0 
5.16 
2.Ii.8 
1.20 
1 .69  
1.61) 
1-5.6 
-1-5-2 
kj.o 
lil.7 
3 8.1-1. 
31,1.. 5 
I1.5.1 
U0.8 
33 
2/j-
25.3 
U3 -6 
36.5 
2.0 
P7 
' 'A ^  r-V I I  
clc::, I-.F 
22.1.^  
Porcent)Percent 
FeO • COo 
0.00 
0.00 
0.00 
0.92 
1.10 
1.60 
2.66 
3-h5 
0.09 
1.11,1 
1.00 
2.Ph 
3.60 
5.51 
0.23 
0.30 
0.16 
0.11 
0.17 
J -
-  3 5 -
Table 5 
I.iason City Brick and Tile Co., Hason Cit^/. Iov;a 
; Temr^er- : 
Sample, £^t;ure .-^tMoa-
llo, * Op  ^ r)h.ere 
: Bulk 
: V o lunio 
: ral. 
•Volume 
of rorea. 
ml. :Percent 
pf)rngi ty Percent Percent 
COo 
20 
22 
25 
10 
2g 
25 
2k 
16 
15 
Ik 
18 
10 
2 
5 
11 
1 
8 
892 
1000 
1017 
1025 
1075 
1125 
Q02 
9 Oil. 
1035 
1069 
1110 
912 
975 
1008 
10 ill 
105' 
10/ 
Air 
II 
II 
II 
II 
tr 
II 
CO 2 
H^O 
[f 
fl 
n 
tf 
I 
J+9 
.01 
8.95 
5.08 
9.25 
6.70 
60^ 
8.10 
8.00 
5.75 
7.30 
7.45 
6.1|0 
645 
m 
5-iU 
2.51 
5.5a 
2 .-26 
5.50 
2.2o 
1.85 
5.2Q 
2.94 
2,02 
2.30 
1.85 
2.90 
2,39 
2. ].9 
2.20 
2.78 
1.57 
k2 
1.1.1 
yh 
2'-( 
yb 
35 
5?-
2k 
]l.l 
5.7 
3)1-
32 
29 
23 
0.10 
0.00 
0.00 
1.00 
1.20 
2.21 
5.UO 
Il,.70 
1 • 03 
\,hk 
2.I1O 
2.^0 
3 .83 
0.R3 
o.Tfi 
0.08 
0.83 
-  3 6 -
Table I|. 
Sheffield Bi'lck and Tile Co., Cheffield, lov/a 
„ T iTeriiner-:. . Sample. .Atxaos-
No. ; -gurc, . 
20 
22 
21 
19 
2h 
8i^2 
892 
982 
1017 
1075 
1125 
Air ti 
II 
II 
n 
II 
: E!.ulk : Volume 
: V o ].uine ; o f i' o r e ei 
: ml. : ivil. 
6 J49 
5.95 
5 • M 
5-57 
6.61,. 
5.1-1.0 
O 
2.61 
2 .I|. 
2.10 
2.17 
2.51 
1.87 
Poroaity 
Percent 
Perccnt'Percent 
il.0.5 
Ii.0.6 
5?.If. 
5^;'-2 
3 7 • u 
3'!.. 6 
FeO 
0.12 
0 .00 
G02 
16 
15 
Ik 
l5 
902 
101. 
1035 
1069 
1110 
C02 
II 
11 
n 
II 
5.82 
5.98 
6 .02  
6.01 
5.21 
2.27 
2.27 
2.26 
2.19 
1.U3 
39.0 
38.0 
37.6 
5^.5 
27. k 
i.fe 
l.]j.O 
i.ljli, 
1.50 
0.27 
0.I1.5 
0.19 
0,19 
0. 8J1, 
10 
5 
2 
7 
o 
912 
o 950 
975 
1000 
1038 
1066 
II2O 
!f 
ir 
rr 
TT  
ff 
6.09 
[l,.29 
9.10 
5.79 
5.56 
5.53 
2.37 
1.63 
3*31 2.08. 
1.87 
1.70 
7 n o 
' y 
38.0 
37.0 
35 *9 
33. 
30.0 
.n6 
.TlO 
1  
1 
1.1l2 
1.48 
1.60 
1.80 
-  3 7 -
Table 5 
• 
Git:/- Drlclc and Tile Co., oionx City, Iowa 
Sample 
No. ; • phere 
: Bulk 
: VolLxme 
;  p i l .  
Volaime 
of Pores 
ml, 
Poivosi ty 
Percent 
Pei'-cont 
FeO 
Percent 
CO2 
20 
22 
21 
I 2L1. 
16 
15 
Ik 
lO 
10 
2 
5 
11 
8i|.2 
892 
^902 
1075 
1125 
902 
98^ 
1055 
1069 
1110 
912 
975 
lOOo 
lOll.!. 
1050 
1066 
Air 
Tt 
It 
II 
II 
co­
ll' 
(I 
n 
II 
H2O 
li 
II 
II 
11 
II 
7,86 
6.86  
7.82 
8.19 
0.77 
3.96 
6.6 If. 
7.02 
8.81 
5.II.1 
5.55 
!:Il 
l-M 
6.11 
J]. 
)]• 
O.OIL 
0.00 
1.0k 
1.50 
2.12 
2.76 
[[..01 
1.22 
1,76 
2.12 
2.30 
2.7I!. 
0.16 
0.12 
0.07 
0.00 
0.09 
_ 3 g-
t 
35 
' JS 
I 
I 
eo 
o 
o 
\ \ V 
• 
\ \\ 
/ 
o / 
X C 
+ u 
Adei 
l/r 
'.art>on c 
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upor 
^ > 
\ 
soo 330 SVO 3^0 /OOO /030 //OO 
Temperati/re /n °C. 
Flgvire 6: Change in Porosity with Temperature, Adel Clay. 
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//30 
difficultj'" in checJcin^^ the va].ue,3 oljtaxned was e:x;nei'':l0nced, 
and some doubt aa to their accijracy therefore cxistG. There 
can be little doubt, however, that r.ome GO2, approximately 
0,5 percent on the average, v/as present and since theae 
determinations v/ere made after the sarnplen had been evacuated 
at least tv/ice, that this CO2 v;ac present as carbonate. 
discus:):u.i: of r-,3,ultg 
Witl'i equal partial pressures and eTfectivG gas layer tlilc'^-
nesses, the radiant hoat transfer from carbon dioxide is Greater 
than that from v/ater vapor until very high values of the PL 
product are reached, values much higher than tho3G attained in 
this invepstigation or with any ceramic Iciln. Therefore, on the 
basis of heat transferred^ it is to be e:r.]Teoted tliat at any 
temperatixre, tlie maturity of a ceramic body f:lred in a carbon 
dioycide atmosphere v/ould be greater than one fired in a v/ater 
vapor atmosphere. The converse, however, seems to be true, and • 
in this respect the results obtained in tViis investigation are 
in accord \7ith the results reported by Ladger (5)» However, 
the worth of porosity as a measure of matiirity is vitiated by 
the existence of a non-oxidized core in the samples. None of 
tlie samples gave any evidence of reduction on the surface but 
all showed an unoxidized core, which indicates that neither gas 
aids in the oxidation of a red buj^ning clay. It is probabl;/ 
that at the temperatures used in this inve.';tigation, Vjoth. gases 
act as inert atmospheres. 
There is, however, a definite correlation between porosity 
and the amount of reduction, as measured by the p rcentage of 
ferrous Iron in tbe sar!i];:)3.o, regardless of tJie atriospbere in 
which the saiaple was fired. Por^ exam.ple, v/ith tiae Goodwin 
shale a porosity of ^0 percent was obtained when tlie tempera­
ture v/as 1010*^ C. in a water vapor atmosphere and when th.e 
temperature v/as lO^O® C. In a carbon d.lozlde atmosphere. At 
1010° C.- in a water vapor atmosphere, tlie percentage of ferrous 
iron in th.e fired sample is I.9Q and when tiie temperature wb.3 
1050° C. in a carbon dioxide atmosphere is the same v/ithin the 
limits of experimental error, or I.96. 
• While a comparison of the porosity curves for samples 
fired in air with those for samples fired in either of the 
other goses is of little value, a comparison of the results ob­
tained in carhon diozide with those obtained in v/ater vapor is 
permissible since so far as oxidation and reduction are con­
cerned, the two atmospheres yield comparable results. 
In the absence of an external oxidizing or reducing afent, 
that Is, in an inert atmosphere, t?ie oxidation of a clay' v/ill 
depend upon the impLirities present, organic matter, sulfides, 
and certain sulfates, decomposable at the temperatures found 
in ceramic kilns, constitute the bulk of these impurities; t}i,e 
work of Jackson (I].) indicates that tho reducing action of these 
impurities increases vrlth rising temperature. It is not sur­
prising, therefore, that tho percentage of ferrous iron pre.-eiit 
in a sample which had been fired in either a water vanor or a 
carbon dioxide atmosphere should be a function of the tempera-
tu.re to wliicJi the sample was fired, and if this were the only 
pertinent factor, the percentage of ferrous iron at any temp­
erature could be used as a criterion of the amount of heat 
transferred. 
This is not the case, however. The presence of considerable 
amounts of carbon dioxiije In an atmosphere raises the question 
of conversion of some of the fluxes naturally present in a clay 
to carbonates, which conversion would tend to retard maturity. 
Analyses of all samples fired in this atmosphere showed the 
presence of approximatel7/ O.5 percent COp} this CO2 v/as not 
present in the unfired clay. Since, on the averngo, only 10 
percent of the shales used in, ttiis invcr?tication covxl.d be 
classed as fluxes, It is ai")parent that this conversion to car­
bonates prevented a larj^e amount of the flux from acting as such. 
It seems unlikely that the feldspar-wator eutectic postu­
lated by Badger (5) aa the reason for the marked increase in 
maturity in a water vapor atmosphere exir.ts in the cases 
studied her'e. A microscopic exam.ination of these shales dis­
closed no feldspar, and a calculated rational, an.alysis sbows 
that feldspar probably does not exist. 
The results obtained in this investigation can be explained 
by postulating that the chemical comb;!nation between the fluxes 
in the clay and the carbon dioxide of the atmosphere removed 
enough of the flujc from active action that the firings in water 
vapor ai:id in- carbon dioxide atmospheres are not completely com­
parable. It is possible that water vapor acts as a catalyst in 
promoting the action of the fluxes present. With carbon dioxide 
with water vapor atii\ospheres it is imnos:;:ible to determine to 
what extent the decrease in porosity fro!!i firing in air at any 
temperature is a consequence of greater heat transfer and to 
Vi^hat extent this decrease is attribu.table to reduction. 
jl 
SULIIiAITi Ai:U GO liGLLISIOlIS 
1. Vfhile a coiiiparison of relative matux''xty, as measured 
by porosity, in air and in water vapor or carbon 
dioxide atmospheres is impossible because the latter 
two atmospheres do not yield a compl:?tely oxidised 
prodiact, it seems unlikely that the smaller porosities 
obtained in water vapor and carbn)i dio::lde atmosnhei'^es 
are a consequence of reduction alone. 
2. Yihile the radiant heat transfer from carbon dlo:vide 
is greater tlian that from ^ vater vapor under similar 
conditions, water vapor is more effective than cai^bon 
dioxide in maturin^^ a ceramic body because carbon 
dioxide reacts with the flxixes nat^'.rally present in 
impure clays, and this reaction retards the formation 
of a vitreous bond. 
5. It may be possible to talre ad""'o.nta£^;e of the radiant 
heat transfer from v/ater vapor and carbon dioxide in 
ceramic firing v/ithout inji.i.ry to the product by 
replacing a portion of elthei*' gas with oxygen or air. 
To wliat extent tliis repl.acement is nocessary remains to 
be de t c rm ine d. 
TU!;:: 
1. iluscelt , v.'. Dor IVax'-mGuber r ir") FiolTrle.itiiji; :Gn . 
Forsch.. Arb , In(^:en;leiirv7C-f:. I9IO. 
2. Setter. li. A. Collected writing" • Gliemj-oal Publishing Co., 
Easton, Pa,, 1:106. I9O2. 
5. Dole., G. A. and Jaclcson, F. C. The oxldatib-^in of ceram5-c 
v/ares during firin^^. 1. Some reactions of 
a well known fire clay. J oxir. Am. Cer. Soc., 
7:165-1711.. I92I1.. 
[j.. Jaclcson, F. G. The oxidation of coro.r.iic v/arcn c3n,rjii^  
firin;_;. II. The dotv>iiinosition of various 
corariounds of iron v/itli sulfur under simulated 
kiln conditions. Jour. Am.. Cor. Soc. 
7:225-250, 5O2-596. I92I!.. 
) 
5. Badger, A. F. Effect of varioua gaseous atr!iocnhei''en on 
the vitrification of cGiTiiuic bodies. Jour. 
Am. Cer. Soc., 16:107-117. 1955. 
6. V/ilson, II. Ceramics. Clay technology. ^.ioGrav;-rrlll Look 
Co.., llev/ Yorl:, p. 2l\.6. I927. 
7. Ebright, II. E., Mclntyre, G. II. and Irwin, J. T. A stAdy 
of furnace atmospheres and temperature 
gradients and t}:eir effect on T''oroelain 
enameling. Jour. An'. Cor. Soc., I8; 297-50*3 • 
" Q X r;. 
8. Anonymo\is. A smolceloss dovm-draft I'Ciln. Brit. Clayworkor, 
l!,5:io6. 1956. 
9. Love;ioy, Ellis. Burnii.ng cl.ay v/aros, yrrl od. T. A. 
Randall Cc Co., I^idiananol is, Inil. 1922. 
ID. Jeans, J. il. Dynamical theory of gases. Cambridge (Enr.) 
Un i vers!ty Pr e s s. 19 2 5• 
11, Bligh, II. I I .  The evolution and dovel.opment of the quantum 
tVieoPy. Edward Ai''nold C; Co., London, I'in' ., 
1926 . 
12, Piichtmyer , F. K, Introduction to modern nhysicc, i'cGraw-
Ilill Book Co., Hew York, p. 185. I92O. 
* 
15- Hottel, II. G. Heat trojisminsion by ro.dint:lr)n fror:! 
nori-luminous (j;ase.3. Trann . A^n. Inst. Ghoin. 
Eners., 19:173-205• 1927• 
1)[ . Stefan, J. Ueber die Eezieb.un[3 zv/iscben der Warriiostralilung 
und der Temi)eratur . C it zurjr-sbor , K. Alrad, 
Wiss. \7ien, 79;39i. I879. 
15. Boltsraann, L. Ableitung den Stefanacben Gerjetaos 
botreffencl die Ab]i.n])£;xj-^l:eit dor V/araentralvlun^j 
von dor Teniporatxir aus dor oloctroma[,netiscbon 
. Lichttbeor ie . V/iod. Annalon, 22:291-29^!-• 
16. Hottel, 11. G. Heat t rans in iGsion  by  rad ia t ion ,  from 
non-luminous flames. Ind. En{^r . Clien., 
19:888-89)1. 1927. 
17. Scb. a c l v ,  A. Ueber die Strahlunr clei' I''euer;_;asc and ihre 
j)raktische .Lerocbnun;_ , Z. tocb. PhysiV', 
9:267-278. 19211. 
18. Pascben. F. Die ^_;ei^'auen V/ellenl.^'n{_;en dor Banden dos 
ultraroten Kolxlons^iure- und IVaosorspektrumjj . 
Ann . Pliy s il-:, 5 3 '^ yh- 1 9 ^ I- • 
19. Angstrom, K. Beitr^ce zur Kenntniss der Absorption dor 
V'/i'rriestrablen durcb. die versebiedenen 
Bestandtbeile der Atmospbii're. Ann. Physil', 
39:267-293. IG90. 
20. Ilottel', II. C. and IJanj-elsdorf, 11. G. Heat traxismission 
by radiation from, non-luminous gases. 
Trans. Am. Inst. Glieri. Engrs., 
1935. 
21. \7ashb\;irn, E. X!, and Bunting, E. H. The determ.ination of 
tlie porosity of hi'iilv vitr:'fied bodies. 
Jour. Am. Ger. Soc., 5:527-537. 1922. 
22. B'ales, II. A. Inorr^anic quantitative analysis. Applet m-
Gentury Go. Inc., Hov; York, j-). 392. 3-925 • 
